The authors report the detection of nitrous oxide gas using intracavity fiber laser absorption spectroscopy. A gas cell based on a hollow-core photonic crystal fiber was constructed and used inside a fiber ring laser cavity as an intracavity gas cell. The fiber laser in the 1.55 m band was developed using a polarization-maintaining erbium-doped fiber as the gain medium. The wavelength of the laser was selected by a fiber Bragg grating (FBG), and it matches one of the absorption lines of the gas under investigation. The laser wavelength contained multilongitudinal modes, which increases the sensitivity of the detection system. N 2 O gas has overtones of the fundamental absorption bands and rovibrational transitions in the 1.55 m band. The system was operated at room temperature and was capable of detecting nitrous oxide gas at sub-ppmv concentration level.
Introduction
Trace gas sensing is a rapidly growing field of research and has received considerable attention, especially in the detection and quantification of greenhouse gases (e.g., N 2 O and CO 2 ). It has also applications in noninvasive medical diagnostics, environmental monitoring, and homeland security.
Fertilizers used in agricultural fields are major sources of N 2 O. The use of fertilizer will increase in the next few decades to meet the demand of food production as the global population increases. However, optimizing the efficiency with which fertilizers produce nutrients, combined with the design of new forms of fertilizers, can reduce their emission of N 2 O. It is also important to note that the excess fertilizer drains into rivers and lakes due to rain or irrigation and polluting water bodies [1] . Further, the emission of N 2 O is spatially variable in soil because of soil factors that lead to the production, consumption, and mobility of the gas. Thus the ability to pinpoint "hot spots" of N 2 O emissions will allow one to mitigate soil factors. A farmer can regulate the use of fertilizer by measuring the concentration of N 2 O emitted from agricultural fields due to the application of fertilizer at different climate and soil conditions. This ability will facilitate the fertilizer industry's worldwide program of 4R (right fertilizer source, right rate, right time, and right replacement) Nutrient Stewardship management, which will in turn improve farm management and finally reduce greenhouse gas emissions.
The current widely used technologies (e.g., GC: Gas Chromatograph, FTIR: Fourier Transform Infrared spectroscopy, laser spectroscopy using a lead-salt detector cooled by liquid nitrogen or thermoelectric cooler, and cavity ring-down spectroscopy using a quantum cascade laser) to detect trace gases are complex and expensive [2] . Thus, a compact and cost-effective system that can operate at room temperature is in demand. A number of important gases (e.g., CH 4 , NH 3 , C 2 H 2 , H 2 S, N 2 O, and CO 2 ) have overtones of the characteristic absorption (fundamental) and the combinations of the overtones bands in the near-infrared (NIR) region (1-2 m) of the electromagnetic spectrum, which matches the emission spectrum of rare-earth (e.g., Erbium) doped fiber 2 Journal of Sensors [3] . This makes it possible to use passive and active optical components available from telecom industries to develop a compact and cost-effective device for the detection of trace gases.
The greenhouse effect is caused by the absorption of infrared radiation (IR) from sunlight by gases such as nitrous oxide (N 2 O). Qualitatively, gases can be differentiated by their absorption lines, and, quantitatively, their concentrations can be determined by measuring the degree of absorption of light directed through a gas sample. The absorption of electromagnetic radiation (e.g., IR or NIR) by a gas is governed by the Beer-Lambert law [5] :
where 0 is the intensity of the incident optical radiation, is the transmitted optical intensity, is the absorption coefficient of the gas molecules (an important parameter dependent on both the gas species and the wavelength of incident optical radiation), is the concentration of the absorbing molecules, and is the optical path length of the gas cell or absorption path length. In general, absorption spectroscopy (e.g., FTIR) makes use of incoherent light sources such as incandescent bulbs to generate IR radiation. These sources are essentially blackbody radiators, and complex optical components are required to collimate and direct the beam through the sample with narrow bandwidth. The sensitivity of the above devices is limited by the physical length of the gas cell. Highly sensitive spectroscopic techniques to enhance the absorption path length have been developed based on the laser, such as continuous-wave cavity ring-down spectroscopy (CW-CRDS) and intracavity laser absorption spectroscopy (ICLAS) [6] . The conventional CRDS technique involves measuring the decay time of the laser pulse injected into a high finesse cavity (Fabry-Perot or Ring configuration) that contains the gas sample, where the rate of decay of the pulse indicates the absorption by the gas sample. One can calculate the concentration of the gas sample from the decay time or the ring-down time. On the other hand, in ICLAS, the gas cell is used inside the laser cavity and no external laser is required. Both CRDS and ICLAS increase the effective absorption length by several times, compared to conventional FTIR systems [6] . As the path length is enhanced, the sensitivity of the device increases. Thus, combining advanced detection techniques with a gas cell with longer optical path length makes it possible to develop a very highly sensitive gas detection system. In the present article, the authors report the design of a gas cell and its application for the detection of greenhouse gas, more specifically, nitrous oxide (N 2 O). A hollow-core photonic crystal fiber (PCF) was used to develop the gas cell and was incorporated as an intracavity gas cell in a fiber ring laser. The detailed structure of the laser cavity was described in [4] . The amplified spontaneous emission (ASE) light inside the laser cavity was used for the detection. In general, an erbiumdoped fiber gives a very wide (∼100 nm) ASE spectrum. A fiber Bragg grating (FBG) with peak wavelength close to one of the absorption lines was chosen and the system produced the laser at this wavelength. The wavelength was close to the lower side of the emission spectrum, where the absorption coefficient of N 2 O is higher, compared to that in the C and L band regions. N 2 O gas has three fundamental infrared active absorption bands: 1 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In the system reported in this article, the rotational line in the 3 3 overtone band (∼1.52 m band) available from HITRAN was used as a reference line to develop the sensing device [20] . The system based on the new gas cell was capable of detecting N 2 O at a concentrations level of sub-ppmv (parts per million by volume). The efficiency of the device has been explored using different lengths of hollow-core photonic crystal fiber (PCF) and spectroscopic techniques. The system based on the developed gas cell will be compact and costeffective compared to the system based on conventional gas cell, which has larger foot print.
Development of the Gas Cell Using a Hollow-Core Photonic Crystal Fiber
A gas cell that requires a very small amount (∼mL) of gas is important for high sensitivity laser absorption spectroscopy.
In this respect, a hollow-core photonic crystal fiber (PCF) is a good candidate because of the high optical-path-to-samplevolume ratio [21] [22] [23] . In a PCF, light propagates through the hollow-core by photonic band gap effects, which occur due to the periodic distribution of air holes in the cladding [24] . The PCF is very attractive for applications in optical communications, because it shows very low attenuation, dispersion, and nonlinearity, bending loss, and it can also guide a fundamental mode over a wide spectral range without any leakage [25, 26] . The idea of using a PCF for gas and liquid sensing is relatively new and there is scope to develop a new compact device using this fiber [27] [28] [29] . An all-fiber gas cell has been proposed and demonstrated for gas detection [30] . Recently a number articles have been published on gas sensors based on PCF in CRD spectroscopy [31, 32] , wavelength modulation spectroscopy (WMS) [33] , ICAS [34] , and Raman spectroscopy [35] . Most of the gas cells developed using a PCF are designed to detect a particular chemical or gas [31, [36] [37] [38] [39] . In [40] [41] [42] [43] , the dynamics of gas flow in PCF, which determine the filling and evacuation time for the PCF-based gas cell, have been investigated. In order to reduce the filling and evacuation time and thus increase the response time of the detection system, researchers used a number of techniques, such as splicing the PCF to a normal single-mode fiber and allowing the gas sample to fill the core at a higher pressure [28] , drilling holes on the surface of PCF so that gas can diffuse faster [44] [45] [46] , using specially designed mechanical splices [47, 48] , and finally using a specially designed fiber [49] . It is important to note that the commercially available gas cell based on PCF does not allow one to change the fiber if required. Figure 1 shows the gas cell developed using a hollow-core photonic crystal fiber [HC19-1550, core diameter: 20 m] from NKT Photonics to detect trace gases. The system has two lens system assemblies (1 and 2), together with two solid aluminum blocks of dimensions 2 × 2 × 4 . A very small hole was drilled inside the steel block, so that the volume of the gas inside was very small-only a few mL. The steel block in assembly 1 is connected to a gas inlet and that in assembly 2 is connected to a pump (note: the system was developed so that both assemblies can be connected to either a gas inlet or a vacuum pump). The hollow-core fiber was evacuated using the pump. The vacuum level was maintained at ∼0.2 mb, when evacuated from one side only. It was important to adjust the optimum pressure difference between assembly 1 and assembly 2 for a steady gas flow through the hollow-core PCF. The time to evacuate a 20 m long PCF was approximately 80 minutes, which led to a slow response time for the system. The experiment was repeated with 40 m of PCF. The increased fiber length caused a longer gas evacuation and filling time. To improve the filling time, the gas was allowed to diffuse from one end while other side was connected to the vacuum pump, and, after some time, gas was allowed to diffuse from both ends.
The front of each block was fitted with an AR (antireflection) coated quartz window and the back side was fitted with fiber coupling components. The light was coupled into (and out of) the PCF through the quartz window. The top of block 2 was fitted with a gas on/off switch and a vacuum gauge (Figure 1(b) ). To eliminate leakage through the fiber chuck at the back of the block, a specially designed O-ring and cap developed in house was used (Figure 2 ). Figure 1(b) shows how the PCF was inserted inside the aluminum block using the custom-designed connector. The advantage of this system was that it could maintain a constant vacuum level (∼0.2 mb) at one end of the fiber while allowing gas to diffuse through the other end. During the filling process, the fiber was evacuated from both sides of the PCF for a certain amount of time, and then one end of the PCF was maintained at a lower pressure and the other end was connected to a Tedlar bag filled with N 2 O gas at a particular concentration. Two gas tanks, one with N 2 O and another with N 2 from Praxair, Canada, and a mass flow controller from Omega were used to prepare specific mixtures of gas. Both tanks were connected directly to 100 nm filters in order to remove any dust particles contained in the gas. The optical fiber at the input (and output) and lenses in each assembly were mounted on a three-axis stage. As shown in Figure 1(a) , one lens collimated the beam and the other one focused the collimated beam on the tip of the PCF through the quartz window.
In addition to the cell shown in Figure 1 , the authors have developed another gas cell (Figure 3) , which consists of a steel rectangular box with a lid. The PCF of desired length was placed inside the box. The steel box was fitted with a gas inlet and an outlet. An optical bread board was also placed inside the box to make it possible to mount optical components inside the box. Light was coupled into (and out of) the PCF through the antireflection (AR) coated quartz windows (as shown in Figure 3) . The fibers for ASE (or light) In/Out were Figure 4 : Schematic of the experimental setup for the detection of trace gas. PUMP: pump laser; PM-EDF: polarization-maintaining erbium-doped fiber; VOA: variable optical attenuator; SA: saturable absorber; FBG: fiber Bragg grating; OSA: optical spectrum analyzer; CIR: polarization independent optical circulator; PC: polarization controller; and OI: polarization independent optical isolator [4] .
mounted on three-axis translation stages with a combination of lenses as described for the previous cell (Figure 1) . The PCF inside the box was mounted on fiber clamps [HFF003, Thorlabs] close to the quartz windows. Gas in the steel box was evacuated from one end first and then the gas under investigation was allowed to enter from the other end. It was possible to evacuate and fill the PCF from both ends as it was inside the box with both ends open. This process required a long time to fill and evacuate the PCF completely. To find the filling and evacuation time for a particular length of PCF, the output was monitored by observing absorption lines of 1% C 2 H 2 in the C band region, where they are very strong. The disadvantage for this system was the long response time, which was due to the large volume of the gas cell compared to the volume of the PCF. The advantage of the gas cell is that one can drill holes along the length on the surface of PCF so that gas can diffuse faster inside the core of the fiber and thus decrease the response time of the system [45, 46] . In this article, the authors present experimental data based on the gas cell described in Figure 1 for N 2 O. Figure 4 shows the schematic of the experimental setup used for the detection of N 2 O. The gas cell ( Figure 1 ) described in the previous section was used inside the cavity. The unidirectional resonant ring cavity consists of a polarization-maintaining erbium-doped fiber (PM-EDF); a variable optical attenuator (VOA) to adjust the loss in the cavity; an unpumped PM-EDF as the saturable absorber (SA); a fiber Bragg grating (FBG) of reflectivity 85.16%, peak wavelength ∼1522.22 nm, and bandwidth of 0.168 nm, where the peak wavelength of the FBG was close to P (12) rotational absorption line ( Figure 5(a) ) of N 2 O; and an all-fiber polarization controller to control the polarization state of the light inside the cavity. The detailed cavity design and advanced detection technique developed by the authors were described in [4] . The presence of polarization-maintaining gain fiber and SA increases the stability of the laser wavelength.
The advantages of the detection system are (i) the laser generated by the system contains a multilongitudinal mode, which increased the sensitivity of detection of gases at lower concentrations; (ii) the system is capable of operating at room temperature (most of the currently commercially available systems require cooling below room temperature); (iii) standard optical components available from telecom industries were used for developing the device; (iv) a gas cell based on hollow-core photonic crystal fiber makes the system compact and suitable for conversion into a hand-held device; and (v) the system can be used to detect various other gases (e.g., NH 3 , H 2 S, etc.) simply by changing the FBG.
Results and Discussions
Figure 5(a) shows the rotational lines in the 3 3 overtone band for N 2 O, obtained using Spectral Calculator, GATS [10, 20] . Although N 2 O possesses relatively strong absorption lines at ∼1522 nm, the gain-coefficient of erbium-doped fiber is much lower compared to that in the C and L band regions. Further, erbium-doped fiber is a homogeneous gain medium at normal temperatures and the lasing wavelength is determined by the local maximum of the gain curve. For a ring cavity without a FBG lasing occurs in the C or L band. Figure 5(b) shows an ICLAS system developed using the gas cell described in Figure 3 . The cavity loss could be changed by adjusting the variable optical attenuator (VOA), which was adjusted to obtain an almost flat (60% inversion) spectrum in the C and L band regions. Once the system has reached this condition (called balanced condition), any small change in the cavity loss will switch the laser from the C band to the L band or vice versa. Figure 6 (a) shows the switching of the laser wavelength from the C band to the L band after a slight adjustment (i.e., increasing the loss in the C band region) of the VOA. In order to obtain very high sensitivity in detection using ASE inside the laser cavity, it is important to adjust the VOA (and thus the inversion level) in such a way that a very small change in attenuation can switch the laser between two bands when the laser operates under threshold conditions. A gas sample inside the ICLAS cavity also provide attenuation (due to absorption), which is similar to the VOA. Figure 6(b) shows the switching of the laser line from the C band to the L band once the gas cell (Figure 3 : steel box) was filled with 0.5% of C 2 H 2 . A few absorption lines are also visible in the C band, because the gas has many strong absorption lines in this region. The absorption coefficient for N 2 O is lower (∼three orders of magnitude) than the C 2 H 2 in the C band. Thus, it was not possible to take advantage of ASE light available inside the cavity to detect N 2 O using the system as shown in Figure 5 (b). The OSA (ANDO optical spectrum analyzer) spectra in the manuscript were collected using LABVIEW program (wavelength resolution: 0.005 nm and intensity resolution: 0.001 dBm) and each spectrum presented is the average of 10 scans.
The setup in Figure 4 was developed in order to take advantage of the ASE light inside the cavity in the ∼1522 nm band, where N 2 O has high absorption compared to that in the C and L bands [4] . The FBG wavelength was chosen so that the peak wavelength is close to one of the absorption lines, P (12) longitudinal modes is susceptible to mode hopping, but the small length of SA inside the cavity was able to eliminate the mode hopping at normal room temperature [50, 51] . Baev et al. reported properties of multilongitudinal mode lasers and their application in ICLAS [52] . It was found that a multilongitudinal mode laser provides very high sensitivity in ICLAS, if the homogeneously broadened gain bandwidth is larger than the absorption linewidth. In fact, the number of photons in a mode that matches the narrow band absorption line will decrease following the Beer-Lambert law. The ICAS produces a very good absorption spectrum if the absorption line of the gas sample is larger than the longitudinal mode separation [52] . In the present system, the absorption linewidth was larger than the separation between two longitudinal modes, so many longitudinal modes were superimposed within the absorption line. Further, Haensch et al. [53] also showed an increase of absorption sensitivity by a factor of 10 5 due to the presence of a number of oscillating modes.
The experimental setup described in Figure 4 produced a multilongitudinal mode laser wavelength, which was selected by the FBG. The laser was kept under the threshold condition, so that the wavelengths related to the ASE light close to the laser wavelength were also close to the threshold condition. Thus, the photons corresponding to ASE light inside the cavity circulated multiple times and enhanced the effective path length of the cavity. In turn, the sensitivity of detection was also enhanced due to the large absorption path length. Figure 8 shows the absorption spectra from the direct absorption of the 10% N 2 O (Praxair, Canada, certified concentration of N 2 O: 10% + N 2 balance) gas using a 40 m and 20 m long PCF after subtracting the reference gas N 2 , obtained using the gas cell shown in Figure 1 . The gas was allowed to diffuse through one end and the other end was maintained at constant vacuum level. The ASE from the PM-EDF [
= 75mA] was used as the input light for the direct absorption spectroscopic (DAS) measurement (note: the laser cavity was not closed). The output obtained was monitored using the OSA. The absorption lines of the gas disappeared after a few cycles of evacuation and filling with N 2 . The hollow-core (20 micron diameter) of the PCF was surrounded by small, micron-order holes. The longer evacuation time was due to the presence of these gas-filled smaller holes. It is anticipated that most of the laser power is confined to the core and the effect of absorption due to gas inside the surrounding small holes is minimal or not significant. It is also possible to obtain the DAS spectrum by using a tunable laser. Figure 9 (a) shows the transmission spectra of the experimental setup described in Figure 4 with the reference gas N 2 (Praxair, Canada, Research Grade, Nitrogen 6.0) and N 2 O (Praxair, Canada, certified concentration of N 2 O: 10% + N 2 balance and 0.1% + N 2 balance) with 40 m PCF for the gas cell. The absorption spectrum in Figure 9 (b) was obtained by subtracting the spectra for N 2 O (10%) and N 2 shown in Figure 9 (a). The system described in Figure 4 was operating under threshold condition ( = 147.5 mA). It is to be noted that that the gas cell was flushed with N 2 before and after the scanning with N 2 O gas. The experiment was repeated with 20 m long PCF. Figure 10 shows output spectra obtained using a 20 m long PCF as the gas cell inside the system in Figure 4 , for 10% and 0.1% N 2 O, respectively. It is clear from the spectra in Figure 8 , obtained using DAS and in Figures 9 and 10 , using ICLAS, that the specificity and sensitivity of detection increase at the FBG location. Further, the application of a FBG eliminates any overlap with absorption lines due to other gases in the mixture. In the present case, the authors used the absorption line corresponding to the P (12) line of N 2 O. The experiments were performed with lower concentrations of N 2 O gas. The minimum concentration the system could detect with 40 m long PCF after a longer evacuation and filling time (∼4 hours) was ∼500 ppbv ( Figure 11 ; Praxair, Canada, certified concentration of N 2 O: 520 ppbv + N 2 balance).
Conclusions
The authors have presented two gas cells based on hollowcore photonic crystal fiber for the detection of nitrous oxide gas. The gas cell was incorporated inside a laser cavity as an intracavity gas cell. At present, the evacuation and filling time for the gas through the PCF is too long for use where fast response is important. The responsivity can be increased by reducing gas evacuation and filling times. In addition, the laser cavity supported multilongitudinal modes, which increased the sensitivity further. The system is capable of operating at room temperature and over a wide set of wavelengths. One can select the gas absorption line of any trace gas by using a tunable FBG. The system can be used as a hand-held device. 
